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Fire performance of CFRP strengthened cold-formed steel 
tubular columns
M. Imran, P. Keerthan & M. Mahendran
Queensland University of Technology (QUT), Brisbane, Australia
ABSTRACT: This paper presents a numerical investigation of Carbon Fiber Reinforced 
Polymer (CFRP) strengthened and unstrengthened cold-formed steel tubular columns to 
determine the maximum temperature that a column can sustain for a given service load 
factor. Finite Element (FE) models were developed and validated by comparing axial com-
pression test results from an ongoing exeperimental study. Validated models were used to 
determine the failure loads of CFRP strengthened and unstrengthened columns at elevated 
temperatures by incorporating the elevated temperature mechanical properties of CFRP and 
cold-formed steel tubular sections. Results showed that CFRP strengthened tubular columns 
displayed a significant capacity reduction with temperature than unstrengthened tubular 
columns. Therefore, this paper shows that the fire performance of CFRP strengthened steel 
tubular columns is worse than that of unstrengthened columns for a given service load roatio 
and thus emphasizes the importance of an insulation system to protect the CFRP strength-
ened steel columns in fire events.
1 INTRODUCTION
Cold-formed steel tubular sections have been increasingly used as load bearing columns in 
modern structures. The strength of these columns is generally affected by corrosion, struc-
tural aging, disaster exposures and poor maintenance, while they might need to be upgraded 
to sustain higher loads to accommodate increased service loads. In this regard, carbon fiber 
reinforced polymers (CFRP) can be used for strengthening and rehabilitation purposes. 
Research carried out by Bambach et al. (2009), Shaat & Fam (2006), and Haedir & Zhao 
(2011) have shown significant strength enhancement due to FRP retrofitting in steel tubular 
columns. However, fire safety concerns have hindered the CFRP applications in columns, 
which require structural fire ratings. Mechanical properties of CFRP decrease rapidly when 
it is exposed to temperatures above the glass transition temperature of the polymer, which 
is around 65–120ºC (Bisby, 2003). The effectiveness of the CFRP system begins to fail once 
such deteriorations are experienced endangering the structural performance. Even though 
research has been conducted to investigate the fire performance of FRP strengthened con-
crete structures in the past, no research has been carried out on FRP strengthened steel 
structures (Kodur et al. 2006 & Chowdhury et al. 2007).
Since the usage of CFRP as a strengthening material is increasing in modern steel construc-
tion, a proper understanding of their fire performance is vital for fire safety requirements. 
Therefore, this paper focuses on investigating the fire performance of CFRP strengthened and 
unstrengthened cold-formed steel tubular columns using a numerical modelling approach. 
Finite element modelling and analysis were performed using ABAQUS and validated using 
the results from an ongoing experimental study. A detailed parametric study was conducted 
using available elevated temperature mechanical properties of CFRP and steel to evaluate the 
effects of temperature on the structural performance of CFRP strengthened and unstrength-
ened steel tubular columns. Finally, the results were compared and the importance of an 
insulation system to protect the CFRP strengthened columns was emphasized.
12
2 NUMERICAL INVESTIGATION
2.1 FE model development
CFRP strengthened Square Hollow Section (SHS) column was modelled using ABAQUS 
(ABAQUS user manual, 2011) finite element software to simulate the axial compression test 
setup of the current study. 3D finite element models of SHS bare steel columns (control) 
and two CFRP strengthened SHS columns with dimensions of 100 mm × 100 mm × 1.8 mm 
and a height of 300 mm were developed in ABAQUS. The FE model consisted of two parts, 
namely, the steel column and the CFRP composite. The steel column was modelled using 
S4R shell elements with reduced integration and hourglass control whereas CFRP composite 
was modelled using composite layup method deploying S4R shell elements (Figure 1a). Com-
posite layup technique is suitable when assigning many layers of composite material. How-
ever, correct material orientation assignment is vital for a given layer. Thus, a local coordinate 
system was used with respect to the column in this regard (see Figure 1b). The adhesive layer 
was not modelled as the CFRP composite was prepared using wet layup method. In addition, 
no interlaminar failures or debonding between adhesive and fibres were noticed in failed 
experimental columns. Thus it is reasonable to model the CFRP behaviour as a composite.
Mesh density of 4 × 4 mm was used in the flat regions and 4 × 2 mm at the corners for steel 
column and CFRP composite. Steel column and CFRP composite surfaces were connected 
by means of tie constrains. All the peripheral nodes of the SHS column were constrained 
to reference points using multiple point constrains (MPC) and the boundary conditions 
were assigned to these reference points (see Figure 1b). All the Rotational and translational 
degrees of freedom of the bottom and top reference points were made fixed except the load-
ing direction of the top reference point. The top vertical movement was made free to simulate 
the actual displacement control test configuration.
Initially buckling analysis was performed to predict the buckling mode of the column fol-
lowed by nonlinear analysis to determine the failure load using modified Riks method. In 
the nonlinear analysis, local imperfections of the steel column were included by offsetting 
the initial coordinates of the model in relation to the local buckling mode with a maximum 
amplitude of 0.006B; where B is the plate width (Schafer and Pekoz 1998). The measured 
mechanical properties of steel were used and the material behavior of steel was simulated 
using isotropic metal plasticity model available in ABAQUS (ABAQUS user manual, 2011). 
CFRP composite was modelled with lamina type elastic material and “Hashin” failure crite-
ria (Hashin 1980, Hashin & Rotem 1973). This failure criterion is suitable to predict damage 
initiation and failure of elastic-brittle materials (Al-Zubaidy et al. 2013).
Figure 1. Details of FE model.
Plan 
Plan Plan 
Plan Plan 
Plan 
Plan 
Plan Plan Plan 
Education Education 
13
The material properties of CFRP (laminated with adhesive) were obtained from the manu-
facturer and are given in Table 1. The compressive strength of the CFRP was assumed as 
15% of the tensile strength. A similar assumption can be seen in Kabir et al. (2016).
2.2 Validation
Finally, the results obtained from the finite element analysis (FEA) were compared with the 
ongoing experimental study results to validate the developed FE model. The results of one 
unstrengthened SHS column (control column) and two CFRP strengthened SHS columns 
were used in this comparison. In this context, specimen CFRP-1T1 L refers to the CFRP 
strengthened column which consists of one transverse layer and one longitudinal layer.
Figure 2 depicts the experimental and FE load-displacement curves and the failure behav-
ior. Good agreement is observed for all columns except a deviation in elastic stiffness in the 
control column. This can be attributed to the instrumentation errors that occur in experi-
mental measurements. Furthermore, experimental and FE failure loads are shown in Table 2. 
Very good agreement between experimental and FE failure loads can be observed where the 
mean and the COV values of failure load ratio between experiment and FEA are 1.011 and 
0.013, respectively. Moreover, failure modes of experimental and FE investigation are com-
pared in Figure 3 and they show very good agreement. As shown in Figure 3a control column 
failed due to local buckling while CFRP-1T1 L specimen displayed a yielding failure at the 
top and bottom of the column as shown in Figure 3b.
Table 1. Material properties.
Parameter Steel CFRP
Density (kg/m3) 7850 1800
Yield/Tensile strength (MPa) 359 930
Elastic/Tensile modulus (GPa) 207  89.6
Poison’s ratio  0.3  0.33
Thickness (mm)  1.8  1.24
Figure 2. Experimental and numerical load-displacement curves.
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Figure 3. Comparison of failure modes.
Table 2. Comparison of experimental and FEA failure loads.
Specimen
Failure load (kN) P
P
exp
FEAExperiment FEA
Control 169.4 169.0 1.002
CFRP-1T1L 281.5 279.9 1.007
CFRP-2T2L 401.0 389.6 1.026
2.3 Parametric study
Following the validation of the FE model, a parametric study was conducted to investigate 
the influence of fire on CFRP strengthened steel tubular columns. Steady state thermal-
structural response of these columns was examined by incorporating elevated temperature 
thermal-mechanical properties of steel and CFRP composite.
2.3.1 Mechanical properties
Elevated temperature mechanical property reduction factors of cold-formed steel tubular 
members proposed by the author were used in this study and they are presented in Table 3 
(Imran, 2016).
In recent years mechanical properties of CFRP at high temperatures have been investi-
gated by Chowdhury et al. (2011), Cree et al. (2015) and Hawileh et al. (2016). The mechani-
cal property reduction factors given by Cree et al. (2015) were used in this study because of 
their comprehensiveness (see Table 3). In addition, their ambient temperature mechanical 
properties are quite similar to the CFRP properties used in the current study.
2.3.2 Thermal properties
Thermogravimetric analysis (TGA) was performed on CFRP samples to obtain the varia-
tion of effective mass with increasing temperature. As shown in Figure 4, the CFRP mass is 
almost constant up to 340°C, beyond which displays a rapid decrease because of the decom-
position of the adhesive.
(a) Failure mode of control column (b) Failure mode of CFRP- 1 T 1 L 
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Therefore 340°C was considered as the decomposition temperature (Td) of CFRP com-
posite and thus the structural effect of CFRP was assumed to be negligible beyond this point.
Differential scanning calorimetry (DSC) was performed on the adhesive sample to find the 
glass transition temperature of adhesive (Tg) by means of obtaining the variation of specific 
heat with temperature (see Figure 5). Tg can be obtained from the specific heat variation 
curve as the temperature corresponding to the midpoint or the steepest slope of the inflexion 
(ASTM D3418, 2015). In other words, Tg is the temperature corresponding to the initial 
peak in the first derivative of the specific heat variation curve. Tg value of the current study 
was found to be 66°C. This assures that the decision to use elevated temperature mechanical 
properties of CFRP given in Cree et al. (2015) in this study is reasonable as their Tg should 
also lie in the same region because they found a significant reduction in mechanical proper-
ties around 70°C (see Table 3).
Figure 4. Variation of effective mass of CFRP with temperature.
Table 3. Elevated temperature mechanical properties and failure loads of columns.
Temperature 
(°C)
Steel CFRP (Cree et al. 2015) Column capacity (kN)
Yield 
Strength
Elastic 
Modulus
Tensile 
Strength
Tensile 
Modulus
Shear 
Strength Control
CFRP-
1T1L
CFRP-
2T2L
 25 1.00 1.00 1.00 1.00 1.00 169 279 390
 50 1.00 1.00 0.83 0.92 0.5 169 266 368
 70 1.00 1.00 0.64 0.83 0.34 169 252 343
 90 1.00 1.00 0.57 0.83 0.32 169 248 334
200 0.97 0.97 0.46 0.77 0.16 163 230 310
250 0.94 0.95 0.32 0.52 0.10 158 211 282
300 0.91 0.91 0.1 0.2 0.05 153 179 228
340 0.87 0.88 0 0 0 146 146 146
400 0.78 0.81 – – – 133 133 133
450 0.69 0.73 – – – 118 118 118
500 0.58 0.63 – – – 100 100 100
550 0.46 0.52 – – –  81  81  81
600 0.34 0.41 – – –  62  62  62
650 0.25 0.31 – – –  45  45  45
700 0.17 0.22 – – –  31  31  31
800 0.07 0.11 – – –  14  14  14
0 100 200 300 400 500 600 
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2.3.3 Results and discussion
Elevated temperature mechanical property reduction factors of steel and CFRP were used 
along with their ambient temperature properties in the FE model to determine the structural 
capacity of columns at a given temperature. It was found from the thermal modelling that the 
CFRP surface temperature is almost the same as the steel surface temperature at fire events 
because of low thermal resistance characteristic of CFRP (Imran, 2016). Therefore both 
steel and CFRP surface temperatures were assumed to be same in this investigation.
Table  3 presents the capacity of the control column (unstrengthened) and two CFRP
strengthened columns at elevated temperatures. At ambient temperature, CFRP strength-
ened columns perform well where strength enhancements of 1.65 times and 2.3 times with 
respect to the control column were achieved by the CFRP-1T1 L and CFRP-2T2 L columns 
respectively. However, they exhibit a larger reduction in capacity when exposed to elevated 
temperatures. This phenomenon is illustrated in Figure 6, which shows the variation of the 
ultimate capacity reduction factor with temperature. The ultimate capacity reduction factor 
for a given temperature is obtained as a ratio of their ambient capacity.
As shown in Figure 6, CFRP strengthened columns exhibit larger capacity reductions even 
at low temperatures compared to the unstrengthened column, where almost 20% and 40% of 
their ambient temperature capacity is lost at 200°C and 300°C, respectively. In contrast, the 
control column has only lost 9% of its strength at 300°C. This shows the significant adverse 
effect on CFRP at high temperatures. Furthermore, a marginally higher reduction is noticed 
in the CFRP-2T2L column compared to the CFRP-1T1L column for a given temperature. 
This suggests that the level of reduction at elevated temperature increases with the number of 
CFRP reinforcements used in the column.
Moreover, Figure 6 can be also be used to demonstrate the relationship between the service load 
factors with critical temperature. Service load factor is the proportion of load applied on a column 
with respect to its ultimate capacity whereas the critical temperature is the maximum temperature 
that the given column can withstand the service load in a fire condition. In other words, at the criti-
cal temperature, the reduced capacity of the column equals the service load on the column.
As shown in Figure 6, for a given service load factor, the critical temperature of the CFRP 
strengthened columns is much lower than that of the control column. For instance, the criti-
cal temperature of CFRP-2T2 L column is 360°C lower than the unstrengthened control 
column for a service load factor of 0.36. As a result of this, CFRP retrofitted columns would 
fail within a shorter period of fire exposure during fire events compared to unstrengthened 
columns. This scenario reveals that the fire performance of CFRP retrofitted columns are 
worse than the unstrengthened columns given that the both columns are under same service 
Figure 5. Variation of specific heat of adhesive with temperature.
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load ratio. Therefore, it can be concluded that an insulation system is essential to protect 
CFRP strengthened columns during fire events to enhance the fire performance.
3 CONCLUSIONS
This paper has presented the details of a numerical investigation on the fire performance of 
CFRP strengthened cold-formed steel tubular columns. FE models were developed using 
commercially available ABAQUS software and validated using the results of an ongoing 
experimental study. The validated FE model was then utilized to investigate the structural 
response of unstrengthened and CFRP strengthened columns exposed to fire conditions 
using elevated temperature mechanical property reduction factors available in the literature. 
FE analyses were based on the assumption that both CFRP and steel surfaces experience the 
same temperature and the results showed that CFRP retrofitted columns exhibit a greater 
decline in capacity even at low temperatures compared to the unstrengthened columns. In 
addition, for a specified service load factor, the maximum temperature that a CFRP strength-
ened column can withstand in a fire event is lower than that of the unstrengthened column. 
Therefore these observations indicate that the fire performance of CFRP strengthened col-
umns is worse than the unstrengthened columns given that both columns are under the same 
service load factor. Therefore, CFRP strengthened columns need a suitable insulation system 
to improve the fire performance.
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Figure 6. Ultimate capacity reduction factor with temperature.
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